ABSTRACT: Distributed Stochastic Search Algorithm ( DSSA ) is one of state-of-the-art distributed algorithms for the ship collision avoidance problem. In DSSA , whenever a ship encounters with any number of other ships (neighboring ships), she will select her course with a minimum cost after coordinating their decisions with her neighboring ships. The original DSSA assumes that ships can change only their courses while keeping their speed considering kinematic properties of ships in general. However, considering future possibilities to address more complex situations that may cause ship collision or to deal with collision of other vehicles (such as mobile robots or drones), the options of speed changes are necessary for DSSA to make itself more flexible and extensive. In this paper, we present DSSA  , as a generalization of DSSA , in which speed change are naturally incorporated as decision variables in the original DSSA . Experimental evaluations are provided to show how powerful this generalization is.
INTRODUCTION
According to statistics of ship accidents released by the Japan Transport Safety Board of the Ministry of Land, Infrastructure, Transport and Tourism, there are more than 200 ship collision accidents each year in Japanese waters. Since human, economic and environmental damage caused by a ship collision accident will be enormous, several legal or technical measures have been taken at present.
One measure is the COLREG rules, which are international operation rules to prevent ship collisions enacted in 1972 and partial revision has continued thereafter. However, since these rules basically set action guidelines in the so-called one-to-one situation where one ship faces another ship, they do not work well in a narrow area nearby a large port, where many ships are likely to get congested.
As another measure to prevent collisions, vessel traffic service (VTS) centers have been established on the coast of narrow and congested sea area, who provide each ship with instructions on the safe and efficient movement. However, in order to deal with dangerous and emergent situations, quick and proper instructions must be made, which is very challenging even for experienced marine traffic controllers. Furthermore, the cost of maintaining VTS centers is tremendously high.
In order to support decision making by ship officers, communication systems called automatic radar plotting aid (ARPA) and automatic identification system (AIS) are already working on board. ARPA is the system to plot the positions of neighboring ships, which are obtained through radar, on screen, while AIS is the system that enables ships to exchange various information such as id, types, positions, speeds, destinations, with their neighboring ships. For ships that meet certain criteria, installation of AIS is internationally obligatory.
Kim and others have proposed the Distributed
Stochastic Search Algorithm ( DSSA ) with the aim of realizing complete automatic ship collision avoidance (Kim et.al. 2017) . In DSSA , ships having communication function such as AIS exchange their intentions (future plans of actions) of each other, and automatically decide their courses to avoid collision without relying on any central control like a VTS center.
Since there is no brake on the ship, the speed cannot be changed rapidly in principle. Therefore, in DSSA , it was assumed that the ship would only change the course while keeping the speed to avoid collision. However, in consideration of the progress of vessel maneuvering technology by using controllable pitch propellers and the necessity to more effectively avoid collision, we extend DSSA in this paper so that ships can change both course and speed.
The remaining part of this paper is structured as follows. Section 2 mentions some related work on computational approaches to ship collision avoidance. Section 3 gives our general framework on distributed ship collision avoidance and one of its latest algorithms, Distributed Stochastic Search Algorithm ( DSSA ). Section 4 presents DSSA + , as a generalization of DSSA , and followed by experimental evaluation showing its effectiveness in Section 5. Finally, Section 6 concludes this work.
RELATED WORK
Several computational methodologies for realizing automatic ship collision avoidance have been proposed. Most of them deal with one-on-one or oneto-many situations (Lamb and Hunt 1995; Lamb and Hunt 2000; Lee et.al. 2004; Hu et al. 2008; Tsou & Hsueh 2010; Tsou, et.al. 2010; Lazarowska 2015) , and very few studies have explicitly dealt with many-tomany situations, where they simultaneously control multiple ships that encountered with each other. Although notable exceptions are the work on evolutionary algorithm for computing multi-ship trajectories avoiding collisions (Szlapczynski 2011; Szlapczynski 2015) , it is a centralized algorithm that we believe become low performance if the number of encountering ships increases.
On the other hand, by modeling ships as autonomous agents, a series of distributed ship collision avoidance algorithms are recently provided (Kim, et.al. 2014; Kim et.al. 2015; Kim et.al. 2017) . The latest version of it, called DSSA, runs the distributed stochastic search algorithm (Zhang, et.al. 2005 ) in order to change courses of ships (while keeping their individual current speeds).
3 DISTRIBUTED SCA
Framework
As shown in Figure 1 , distributed ship collision avoidance consists of two phases, which we call the control phase and the search phase. We assume that all ships iterate these two phases simultaneously. One iteration of these phases is called one time step.
In the control phase, a ship, who does not reach her goal, moves directly to the next position if she finds no ship in her detection range. If she finds some other ships in her detection range, they will shift into the search phase.
In the search phase, several ships try to avoid collisions by running a distributed algorithm. If all ships find collision-free courses by that algorithm, or if computation time exceeds a certain time limit, they update the next positions based on the courses they found, and will move there for the next time step. 
Cost and Improvement
In a distributed algorithm, we assume that ships can exchange intentions using a communication system such as AIS. An intention of a ship in this context is the course which will be selected by the ship at the time point after one time step.
When receiving current positions, courses (headings), speeds, and intentions of neighboring ships, one ship (called self hereafter) will compute the costs of current and every possible courses by using the following formula: 
The variable crs indicates a relative angle to current ship heading, which can take not only any angle from 45  In a distributed algorithm, the ships try to decide their own intentions (the course which will be selected at next time step) while exchanging their tentative intentions. As her tentative intention, self will try to select the course that achieves the maximum cost reduction all the time. We thus define the following variables: By allowing the ships to exchange these tentative intentions through a communication system such as AIS, we have been considering that we can construct various concrete distributed ship collision avoidance algorithms. Among those presented so far, its latest version is called Distributed Stochastic Search Algorithm ( DSSA ).
DSSA
DSSA is one instantiation of distributed stochastic search (Zhang, et.al. 2005) in the context of ship collision avoidance. The technique of distributed stochastic search was originally proposed to solve the Distributed Constraint Optimization Problem (DCOP), which is a general model for distributed problem solving. This technique is quite simple but powerful, and has been applied to solve various distributed problem, such as the scheduling problem on distributed sensor networks (Zhang, et.al. 2005) . Figure 2 , except that self intention is instantiated with a pair of course and speed change not with just course.
EXPERIMENT
We compare the performance of DSSA and DSSA  by simulation in a 800  800 twodimensional space. Throughout these experiments, we set the probability p in Figure 2 to be 0.8 both in DSSA and DSSA  . The radius of detection range of each ship was set to 500, in which the ship is assumed to be able to exchange intentions with other ships. TimeWindow, a constant length of time step for each ship to predict future positions, was fixed to 20. In this experiment, the following three versions of DSSA  were tried. 
Two Ships Pushing Each Other
In order to provide an example clearly showing the merit to consider speed change to avoid collisions, we made a simple experiment on two ships going in parallel and heading towards the destinations on the other side to each other. Typical trajectories of these two ships generated by DSSA and , one of the ships autonomously slows down her speed and lets the other ship go first before heading to her own destination. On the other hand, in DSSA , as a result of both ships attempting to avoid collisions by only changing the course without slowing down their speeds, one ship is pushed out in the direction opposite to her own destination, resulting in a large detour (see the trajectory of Ship 2 in the left-bottom of Figure 4 ).
Since DSSA and DSSA  are stochastic algorithms, we may get totally different results even when we try each of them on the same problem instance. Table 1 shows some statistical data on the average performance of these DSSA  and DSSA over 20 trials on this two-ship example. The detour rate is computed for each ship by dividing the distance actually traveled from her initial position to goal position by the shortest distance therebetween. As can be seen from Table 1, 
16 Ships Crossing Each Other
In the next experiment, we assume that 16 ships, each with a reference speed of 25kt, are approaching each other from upper, lower, left and right sides and orthogonally try to cross each other towards their individual destinations. This situation is depicted in the top of Figure 5 . Typical trajectories generated from some successful runs by DSSA and Table 2 shows the average of the total length of paths by all ships, the average of travel time of each ship, the average detour rate of each ship, and the success rate out of 50 trials. The average value is calculated only on the results of successful trials. Generally, with DSSA  , the ships can reach their respective destinations without collisions by properly adjusting the speed while taking more time on their shorter paths. 
Three Ships Overtaking or Being Overtaken
So far, when DSSA  is applied to some specific scenarios, it has been observed that it seems to be more effective to put more emphasis on speed change rather than course change. However, that is certainly a misleading discussion. Indeed, there is also a counterexample in which course change is more effective than speed change.
Suppose that three ships with different reference speeds (5, 10, and 25kt) are lined up on the straight line in ascending order of reference speed and each goes in the same direction towards her destination that is on the extension of that straight line. Also assume that the destination of the slowest ship at the head is the closest and conversely the destination of the last fastest ship is the furthest. This situation is illustrated in the top of Figure 6 that is more likely to change the speed than the course will cause collisions in most of the trials on this example. The reason is quite simple. It is impossible to avoid collisions with speed changes alone on this example in the first place.
We have conducted 20 random trials for each of DSSA and DSSA  on this problem instance to confirm this fact. that it would belong to our future work.
As a final note regarding our experiments, in (Kim, et.al. 2017) , experimental results with actual data obtained from AIS have been reported, but in this paper we have not dared to do such an experiment. This is because real data obtained from AIS is generally rather easy for both DSSA and DSSA  , so it will not be a very interesting comparison.
CONCLUSION
Automatic ship collision avoidance is one of the key technologies in the automation of ship operation which has received lots of attention in recent years. Although several computational methodologies for realizing automatic ship collision avoidance have been proposed, most of them deal with one-on-one or one-to-many situations. We consider that these methodologies will face a difficulty in so-called manyto-many situations, where all of the ships work with that methodology. Kim and colleague has recently proposed a series of distributed ship collision avoidance algorithms, in which a group of ships are modeled by a multi-agent system where autonomous agents exchange their intentions in advance to decide and perform their next actions. In these algorithm, it is assumed that ships would only change the course while keeping the speed. In this paper, in consideration of recent progress of vessel maneuvering technology and the necessity to more effectively avoid collision, we have presented DSSA  in which ships can change both course and speed.
As a result of the experiment, the merit of introducing not only the course change but also the speed change as an option of possible actions was demonstrated. On the other hand, however, there was no single answer as to whether to set priority on the course change or the speed change to effectively avoid the collision, it turned out to depend on the situation. As our future work, we are considering to design a function that, when a situation around some ship is given as input, is capable of returning appropriate weighting over the options of the course change and the speed change.
